Abstract. Within the range of validity of the small strain theory, the strain is additively decomposed (Simo and Hughes, Computational Inelasticity, Springer-Verlag, 1998) 
INTRODUCTION
Most of combined creep and plasticity models are based on the Bingham-Norton rheological model [1] . This model embodies creep and plasticity strain in the so-called viscoplastic strain, which constitutes the whole irreversible or inelastic part of the total strain. The
Bingham-Norton models succeed to represent the behavior of most metals at high temperature, and it was widely used in the author's previous work [2, 3, 4, 5] for modeling steel casting processes.
However, the Bingham-Norton models neglect creep recovery, and hence they do not represent satisfactorily the behavior of certain materials, including those used in nuclear fuel rods we are currently interested in. Then, in such cases, a model that distinguishes creep and plasticity strains, each one having its own flow rule, must be used.
To this end, we develop a three-dimensional generalization of the one-dimensional flow rules proposed by Soba and Denis [6] to characterize the behavior of the materials used in fuel rods in nuclear power plants in Argentina. Finally, a specialized return-mapping algorithm to deal with separated creep and plasticity is proposed.
CONSTITUTIVE MODELING
Assuming the validity of the small strain theory, the total strain tensor ε can be additively decomposed as ε = ε el + ε in (1) where ε el is the elastic (reversible) strain tensor and ε in is the inelastic (irreversible) strain tensor.
Moreover, the inelastic strain is decomposed in the plastic (instantaneous) strain ε pl and the creep strain ε cr , i.e.
Once the strain components are determined, the stress tensor σ can be computed using the Hooke's law:
where µ is the material shear modulus, κ is the material bulk modulus, ε 0 is the initial strain tensor, I is the second-rank identity tensor, dev( * ) and tr( * ) denote the deviator and the trace of tensor ( * ). Let us note that the first term of the r.h.s. of equation (3) defines the deviatoric stress s = dev(σ), while the second term defines the hydrostatic stress.
Regarding the initial strain ε 0 , it is composed of the thermally-induced strain ε th as usual but also of contributions that are specific to the materials being modeled, like the swelling strain ε sw and the densification strain ε d in the the pellet and the irradiation-growth strain ε ig in the cladding of nuclear fuel rods. Let us remark that ε 0 is not generally isotropic: while ε th is usually assumed isotropic, Soba and Denis [6] assume that ε sw and ε d are also isotropic but ε ig is not.
Evolution of plastic strain
As aforementioned, the plastic and creep components of strain evolve according their own flow rules.
First, plastic strain is assumed to evolve whenever the Von-Mises yield criterion f = 0 is met, where
where σ eq = √ 3/2∥s∥ is the Von-Mises equivalent stress, and σ Y + R is the instantaneous yield stress, i.e., the initial yield stress σ Y plus R from isotropic hardening. We assume R = R(ε pl eq ), where ε pl eq is the plastic strain accumulated up to time t:
Then, the evolution of plastic strain is assumed to obey the normality rule:
where n = s/∥s∥ and λ is the plastic consistency parameter that satisfies the Kuhn-Tucker conditions:
Evolution of creep
In general, creep flow is not longer deviatoric as defined by the normality rule since it must account for the volume change induced by phenomena like densification in the pellet [7] . Therefore, a general flow rule for the materials used in nuclear fuel rods could be written as follows:
whereV is the rate of volume change, and ε cr eq is defined as
From now on,V will be considered as a given parameter, which can be computed in terms of the evolution of porosity as proposed by Soba and Denis [6] .
Creep in nuclear fuel rod materials
Let us consider the nuclear fuel rod studied by Soba and Denis [6] , which is typically used in nuclear plants in Argentina, consisting of a U 2 O pellet inside a Zircaloy-4 cladding.
The one-dimensional evolution of the creep strain ε cr in U 2 O depends on the stress σ and the (absolute) temperature T according to the law:
where a i is a material constant, Q i is an activation anergy, R is the gas constant,ḟ is the fission rate, g is the grain size and D is the percent of theoretical density.
On the other hand, the creep rate in Zircaloy-4 is assumed to depend not only on σ and T but also on the instantaneous creep. This is described by the one-dimensional law:
where k, b, c are constant, Q 4 is an activation anergy and ϕ is the neutron flux. Observing equations (10) and (11), the one-dimensional evolution law for creep in both materials can be expressed generically aṡ
being g a generally non-linear function of σ and ε cr . In order to generalize this law to three-dimensional applications, σ and ε cr are assimilated to σ eq and ε cr eq , respectively.
RETURN MAPPING FOR SEPARATED PLASTICITY AND CREEP
Let us assume that we know ε cr , ε cr eq , ε pl and ε pl eq at time t 0 . At time t = t 0 + ∆t, once the total strain ε is known, their components are updated using the implicit Backward-Euler time stepping scheme:
where ( * ) 0 denotes the variable ( * ) evaluated at time t 0 , while the lack of subindex implies that the variable is evaluated at current time t. As aforementioned,V will be considered as a given parameter. Therefore, the stress state at time t is completely determined by the deviatoric stress
Now, let us define the "non-plastic" trial state by assuming no increment of the plastic strain in the time step [t 0 , t], i.e., ε pl = ε pl 0 and ε pl eq = ε pl eq 0
. Let ε cr,np and ε cr,np eq be the corresponding values of ε cr and ε cr eq . The "non-plastic" trial state is then determined by the deviatoric stress
where σ np eq = √ 3/2∥s np ∥ (making above equation non-linear for s np ), and 
In general, this equation has not a closed analytical solution. We solve it using the secant or regula-falsi method [9] , which has proved to be efficient. Once ε cr,np eq is determined, and so is σ np eq , we evaluate the yield function for the "nonplastic" trial state:
If we assume R to be a non-decreasing function of ε pl eq (i.e., material softening is not allowed), it can be easily derived that
Then, regarding the sign of f np , two different situations can be inferred:
1. If f np < 0, then f < 0 and hence no plastic increment takes place during the step [t 0 , t]. In such a case, the "non-plastic" trial state is actually the real state.
If f
np ≥ 0, then f = 0 and
Now, the equation (17) defining the stress deviator can be rewritten as follows:
Since s, s el and n are co-linear, the above tensor equation reduces to the scalar equation:
Equating equations (25) and (27), we obtain
If we replace this relationship between ε cr eq and ε pl eq into the discrete creep flow rule given by equation (16), the following non-linear scalar equation with ε pl eq as unique unknown is obtained:
As before, this equation can be solved using a secant method.
Consistent tangent moduli
The tangent moduli is defined as 
and then
Finally, equation (32) becomes explicitely
On the other hand, when differentiating ∥s∥, distinction must be made based on the yield criterion, as detailed below. 
For f <
with
Finally, the derivative of ∥s∥ can be computed as
where R ′ = dR/dε pl eq . By differentiating the discrete creep flow rule given as a function of ε pl eq by given equation (28), we obtain ∂ε cr eq
Alternatively, this derivative can be computed by differentiating the discrete creep flow rule as given by equation (16) 
After equating equations (42) and (43), we obtain ∂ε pl eq
General expression of the tangent moduli
Introducing the derivative of n given by equation (35) together with the derivative of ∥s∥ given either by equation (40) for f < 0 or equation (46) for f = 0 into equation (31), and this one into equation (47), the tangent moduli can be expressed as
where Table 1 , are those used by FRAPCON-3 [7] , a widely used code for the thermo-mechanical analysis of nuclear fuel rods.
Four decreasing strain rates are considered, such that the extension of the bar is fully developed in one hour (ε = 2.78 × 10 −4 /s), one day (ε = 1.16 × 10 −5 /s), one week (ε = 1.65 × 10 −6 /s) or one month (ε = 3.86 × 10 −7 /s). These strain rates are representative of the whole range of strain rates expected along the life cycle of a nuclear fuel rod. Figure 1 on the left depicts the creep vs. total strain at ambient temperature (300 K), where it is apparent that the maximum creep -corresponding to the minimum strain rate-is one-order smaller than the total strain. As a consequence, as shown on the right of Figure 1 , the influence of creep on the stress at ambient temperature will be negligible all along the life cycle of Zircaloy-4 when it is used to make the cladding of a nuclear fuel rod . Figure 2 . Creep strain and stress vs. total strain in an extended bar of Zircaloy-4 at high temperature (1000K), for different extension rates.
CONCLUSIONS
We developed a return mapping algorithm addressed to integrate the evolution of creep and plasticity when they evolve separately. The algorithm is especially devoted to represent the behavior of materials used in nuclear fuel rods.
An application to Zircaloy-4 -used for the cladding of the rods-is discussed, with the aim of determining the influence of creep on the material behavior under temperatures and strain rates that are considered representative of those encountered during the life cycle of a nuclear fuel rod.
The model predicts -in agreement with experimental evidence-that creep has a negligible influence at ambient temperature, independently of the strain rate. The effect of creep increases as the temperature increases and the strain rate decreases. At a temperature of 1000K, a considerable influence of creep is predicted after a relatively short period of time.
